West Nile virus (WNV) is a mosquito-borne flavivirus responsible for epidemics of febrile illness, meningitis, encephalitis and flaccid paralysis. WNV gains entry into host cells through endocytosis. The acid pH inside endosomes triggers rapid conformational rearrangements of the flavivirus envelope (E) glycoprotein that result in fusion of the endosomal membrane with the virion envelope. Conformational rearrangements of the E glycoprotein can be induced by acid exposure in solution in the absence of target membranes, thus causing a loss of infectivity. Following a genetic approach to study this process, a WNV mutant with increased resistance to acid-induced inactivation was isolated and its complete genome was sequenced. A single amino acid substitution, T70I, in the E glycoprotein was found to be responsible for the increased acid resistance, which was linked to an increase in the sensitivity of infection to the chemical rise of endosomal pH, suggesting that the mutant required a more acid pH inside the endosomes for fusion. No alterations in viral infection kinetics, plaque size or induced mortality rates in mice of the mutant were noted. However, by means of virus competition assays, a reduction in viral fitness under standard culture conditions was observed for the mutant. These results provide new evidence of the adaptive flexibility to environmental factors -pH variation in this case -of WNV populations. Implications of the T70I replacement on the E glycoprotein structure-function relationship are discussed.
INTRODUCTION
West Nile virus (WNV) is a mosquito-borne flavivirus that cycles between several species of mosquitoes and birds, and also infects a broad range of vertebrates, including humans (Hayes et al., 2005a) . After its first description in Uganda in 1937 (Smithburn et al., 1940) , WNV has been associated with sporadic outbreaks of meningoencephalitis in Africa and the Middle East until 1999, when the virus emerged in the USA causing thousands of infections among humans, horses and birds (Lanciotti et al., 1999) . Although WNV infections in humans are mainly subclinical, clinically apparent infections range from a febrile illness (West Nile fever) to a neuroinvasive disease associated with high mortality (DeBiasi & Tyler, 2006; Hayes et al., 2005b) . Despite great effort having been invested in understanding the molecular aspects of WNV infection, currently there is no vaccine or specific therapy approved for use in humans (Diamond, 2009 ).
The WNV genome comprises a single-stranded, positivesense RNA molecule (approx. 11 000 nt) that encodes three structural proteins -the capsid (C), pre-membrane/ membrane (prM/M) and envelope (E) proteins -and seven non-structural proteins, generated by cleavage of a single polyprotein (Brinton, 2002) . The genomic RNA is enclosed within a nucleocapsid composed of multiple copies of the C protein, which constitutes the core of the virion and is enveloped by a lipid bilayer derived from the host cell. Cryoelectron microscopy studies have revealed that mature virions are approximately 50 nm in diameter and display a smooth outer surface with no projections or spikes. This outer shell is composed of 180 copies of the small M protein and an equal number of E glycoprotein copies arranged as 90 anti-parallel homodimers in three distinct symmetry environments, thus resulting in a particle of icosahedral symmetry (Mukhopadhyay et al., 2003) . The E glycoprotein is anchored to the lipid envelope by a C-terminal a-helical hairpin. The atomic structure of the E glycoprotein as a soluble ectodomain has been solved by X-ray crystallography (Kanai et al., 2006; Nybakken et al., 2006) , which showed that it presents the typical folding of flavivirus E glycoproteins and is organized in three domains: DI, DII (containing a hydrophobic peptide responsible for virus fusion, termed the fusion loop) and DIII. As the E glycoprotein is a class II membrane fusion protein, it shares multiple structural and functional features with those of the genus Alphavirus (Sánchez-San Martín et al., 2009) . particles are delivered to endosomal compartments (Chu & Ng, 2004a; Krishnan et al., 2007) . The acid pH inside the endosomes triggers rapid conformational rearrangements of the E glycoprotein that result in trimer formation, exposure of the fusion loop and fusion of the endosomal membrane with the virion envelope. Viral fusion permits viral genome release into the host cell cytoplasm. Following these principles, exposure of WNV, or other flaviviruses, to acid medium in the absence of target membranes results in E protein rearrangement, premature exposure of the fusion loop and rapid and irreversible inactivation of fusion competence, causing loss of infectivity (Gollins & Porterfield, 1986; Guirakhoo et al., 1993) . Although structural rearrangements are relatively well characterized for other flaviviruses such as Dengue virus and tick-borne encephalitis virus (TBEV) (Liao et al., 2010; Modis et al., 2004; Nayak et al., 2009; Stiasny et al., 2007) , in the case of WNV little information regarding this process is available (Kaufmann et al., 2009) . It has been reported that a His residue located in the E glycoprotein of TBEV acts as a critical pH sensor, triggering conformational rearrangements (Fritz et al., 2008) ; however, this hypothesis has not been proven for WNV .
Flaviviruses, as well as other RNA viruses, have an errorprone RNA genome replication strategy. According to this, WNV populations display a variable level of sequence diversity (Ciota et al., 2007; Jerzak et al., 2005) that favours rapid selection of variants in response to selective pressures. Although mutations in the E or M protein that alter pH sensitivity have been described for other flaviviruses (summarized by Maier et al., 2007) , this kind of mutant has not been reported for WNV. To gain information on the molecular aspects of the conformational rearrangements of WNV virions following acid exposure, a WNV variant with increased resistance to acidinduced inactivation was isolated and characterized. This mutant carried a single amino acid substitution located on the E glycoprotein, close to a His residue, that did not have a major impact on the viral phenotype, although a decrease in its fitness at neutral pH was observed. The implications of this replacement on the E glycoprotein structurefunction relationship are discussed.
RESULTS

Isolation of a WNV variant with increased resistance to acid-induced inactivation
A decrease of about three orders of magnitude ( Fig. 1a ) was observed in the viral titre recovered when WNV suspensions were incubated at pH 5.0 instead of pH 7.4 (see Methods). To isolate WNV mutants with increased resistance to acid inactivation, six of the lysis plaques developed in Vero cells after acid treatment were individually isolated and amplified by a single infection in liquid medium. As determined by plaque assay, one of these viral populations (termed mutant) Fig. 1 . Acid-resistant WNV characterization. (a) Inactivation of WNV upon acid treatment. WNV samples were incubated at pH 7.4 (control) or pH 5.0 (acidified with MES), neutralized and the remaining p.f.u. in each sample was determined by plaque assay. (b) Acid inactivation profiles of wild-type (WT) and mutant WNV with increased resistance to acid-induced inactivation. Viral samples were incubated at different pH values (5.0, 6.0 or 7.4) as in (a) and the remaining p.f.u. were determined by plaque assay. (c) Immunofluorescence analysis of cell monolayers infected with WT or acid-resistant WNV mutant after acid treatment. Viral samples (initial m.o.i. of 10 before acid treatment) were incubated at pH 6.0 or 7.4 and used to infect Vero cells grown on glass coverslips. Cells were fixed and processed for immunofluorescence at 24 h p.i. WNV E glycoprotein was stained with mAb E24 and a secondary antibody labelled with Alexa Fluor 488. Cellular F-actin stained with Texas Red-labelled phalloidin is shown as an indicator of cellular shape. The percentage of infected cells±SD is indicated in the figure. Bar, 50 mm. Statistically significant differences (P,0.012) were found for WT virus, but not for the mutant, between the two pH treatment conditions. Journal of General Virology 92 showed a significantly increased acid resistance in relation to the wild-type (WT) population when treated at pH 6.0 or 5.0 ( Fig. 1b ). Immunostaining analysis of the acid-resistant phenotype showed statistically significant differences (P,0.012) in the percentage of infected cells between the WT and mutant viruses when viral preparations were treated at pH 6.0 prior to infection (Fig. 1c ). In contrast, no differences were found between samples incubated at pH 7.4. These results confirmed that the WNV mutant isolated here displayed an increased resistance to acidinduced inactivation.
Increased resistance to acidic pH correlates with a higher sensitivity to endosomal acidification inhibition
To characterize further the effect of acid exposure on the WT and mutant viruses, the pH 50 value (defined as the pH value that causes a 50 % reduction in infectivity) was determined for each virus. Within the pH range tested, a shift of the inactivation profile of the mutant to pH values lower than those of the WT virus (6.2 and 6.3, respectively) was observed ( Fig. 2a ). This increased resistance to low pH inactivation could imply that mutant virus fusion takes place at a more acid pH inside the host cell, which could be translated into an enhanced sensitivity to drugs that impair endosomal acidification, such as NH 4 Cl. To test this hypothesis, the percentage of cells infected in the presence of increasing concentrations of NH 4 Cl was determined by immunofluorescence at 24 h post-infection (p.i.) in Vero cells (m.o.i. of 1) (Fig. 2b) . The dose-response curve of the mutant showed a shift to lower concentrations of NH 4 Cl compared with that of the WT virus. The IC 50 concentrations were 12.9 and 14.9 mM for the WT and mutant viruses, respectively. This result showed that infection by the mutant was more sensitive to impairment of endosomal acidification exerted by NH 4 Cl, suggesting that the difference in the inactivation threshold between WT and mutant viruses may affect the pH at which membrane fusion occurs inside host cells.
A single amino acid replacement in the E glycoprotein is responsible for the increased resistance to acid-induced inactivation
To investigate the molecular basis of the phenotype shown by the mutant, the complete genomic sequences of the parental WT and mutant viruses were determined and compared (Table 1) . Seven synonymous changes (T4107C, A5280G, T7015C, C8235T, T8811C, T10338C and A10851G) were found in both viruses when compared with WNV strain NY99-flamingo 382-99 (GenBank accession no. AF196835.2; Lanciotti et al., 1999) , probably reflecting the passage history of these viruses. In addition, two synonymous and a single non-synonymous nucleotide change were found in the mutant. The non-synonymous replacement, the transition C1175T, was responsible for the amino acid replacement T70I in the E glycoprotein. Five biological clones from the mutant population were isolated after infection in semi-solid agar medium and amplified by a single infection in liquid medium. Nucleotide sequencing confirmed that the T70I replacement was the only amino acid substitution in the E glycoprotein of the five biological clones analysed, confirming the dominance of this amino acid substitution within the mutant population. These results indicated that the single amino acid replacement T70I in the E glycoprotein was responsible for the increased resistance to acid inactivation displayed by the mutant WNV.
Comparisons of 213 complete E protein amino acid sequences of WNV isolates retrieved from GenBank that varied geographically and temporally showed that amino acid T70 was conserved in 212 of the 213 sequences compared (data not shown). The only sequence that showed an amino acid replacement at this position corresponded to a WNV isolate from a mosquito after a single passage in Vero cells (WNV strain 32010157, Monolayers of Vero cells treated or not with NH 4 Cl were infected with the WT or mutant virus (m.o.i. of 1). The percentage of infected cells at 24 h p.i. was determined by immunofluorescence using mAb E24 and a secondary antibody labelled with Alexa Fluor 488.
GenBank accession AY369412.1; Ebel et al., 2004) . This sequence also carried the amino acid replacement T70I, caused by the same nucleotide transition found in the acidresistant WNV mutant described here. As T70 is a highly conserved residue, it could be hypothesized that mutations at this position might be deleterious for the virus and could result in reversion to the WT phenotype upon serial passages. To test the stability of the nucleotide substitution responsible for the amino acid replacement T70I, the mutant WNV population was subjected to ten serial passages at neutral pH. The nucleotide replacement responsible for the T70I substitution was conserved in the average population after these passages, thus confirming its stability. In addition to this, no additional nucleotide substitutions in any of the structural proteins (C, prM/M and E) were found after these ten serial passages.
Phenotype of the WNV variant with increased resistance to acid-induced inactivation
No differences in plaque size or morphology of the WT and mutant viruses were noted, and both showed similar kinetics of infection (m.o.i. of 0.5) in Vero cells (data not shown). Therefore, the increased resistance to acid inactivation did not cause major alterations in growth of the mutant virus.
Fitness cost analysis of the T70I amino acid replacement
To assess possible fitness costs derived from the T70I replacement found in the mutant, competition assays with the WT and mutant viruses were performed in duplicate. For this purpose, mixtures containing equal titres of the two competing viruses were treated at an acidic or control pH (5.0 and 7.4, respectively) and subjected to ten cycles of pH treatment, infection in Vero cells and harvest. The genomic proportions and viral titres were determined after each serial passage ( Fig. 3a, b) . At a neutral pH of 7.4, a balanced mixture of the competing genomes was observed until the fourth serial passage, when the proportion of WT genomes began to increase, becoming the dominant population by the eighth passage and driving the mutant virus almost to extinction (Fig. 3a) . However, the total virus yield did not show marked alterations and stayed nearly constant (close to 10 8 p.f.u. ml 21 ) throughout the competition experiment (Fig. 3b ). When competition Table 1 . Mutations found in the genome of acid-resistant WNV compared with the WT population
The nucleotide position in the WNV genome and the substitution found are indicated. When compared with WNV strain NY99-flamingo382-99 genome sequence (GenBank accession no. AF196835.2; Lanciotti et al., 1999) , the WT and mutant viruses displayed seven common silent nucleotide replacements: T4107C, A5280G, T7015C, C8235T, T8811C, T10338C and A10851G. For the non-synonymous substitution, the amino acid replacement is shown in bold in parentheses.
Genomic region
Nucleotide change experiments were performed at the acidic pH of 5.0, the mutant virus became dominant within the population after the first serial passage, driving the WT virus near to extinction (Fig. 3a) . Only at passage nine could an increase in the proportion of WT genomes be detected, coincident with a reduction in virus yield (Fig. 3b ). This accumulation of WT genomes disappeared upon the next passage. When the RNA sequence of the competing viral populations was determined, it was observed that, from passage eight, an additional nucleotide substitution (T616C) was found. This mutation, which leads to the amino acid replacement T50H in the prM protein, was maintained at passage 10. Taken together, these results indicated that the amino acid replacement T70I conferred an adaptive advantage when competition experiments were conducted at acid pH. However, this substitution involved a loss of viral fitness when serial passages were conducted at neutral pH.
In vivo virulence analysis of the T70I amino acid replacement
The effect of the amino acid substitution T70I on virulence was tested in vivo using a murine infection model for WNV. Mice were inoculated with two doses (10 2 or 10 4 p.f.u. per mouse) of WT or acid-resistant virus and mouse mortality was recorded (Fig. 4a, b) . No significant alterations in the survival curves of animals inoculated with mutant virus compared with those inoculated with WT virus were noted, thus indicating that the T70I amino acid replacement did not induce major alterations in the virulence of WNV in vivo.
Location of the amino acid replacement T70I on the 3D structure of the WNV E glycoprotein Amino acid residue 70 is located within DII, close to the fusion loop, in the 3D structure of the WNV E glycoprotein (Fig. 5a ). The mutated residue T70 is external and not involved in any E-to-E intersubunit contacts (Fig. 5b) . Analysis of the interactions of T70 revealed that its side chain establishes polar interactions (hydrogen bonds) with residues A247 and T248 within the same E glycoprotein monomer (Fig. 5c, left panel) . These hydrogen bonds, which may stabilize the monomer structure, should be disrupted upon T70I substitution (Fig. 5c, right panel) . Residues A247 and T248, which interact with T70, also establish hydrogen bonds with H246. The amino acid replacement T70I found in the mutant introduces a bulkier side chain and disrupts polar contacts with these amino acids interacting with H246. In this way, accommodation of the T70I replacement within the E glycoprotein probably results in structural rearrangements that may alter the environment of H246. Based on the pK a of its side chain, as protonation of His residues is a common mechanism to activate fusion membrane proteins, the pK a , solvent accessibility and conservation degree of His residues located on the ectodomain of the E glycoprotein were compared (Table 2) . His residues that were solvent exposed showed pK a values ranging from 6.36 to 7.49, compatible with a pH-sensing role. Sequence comparison revealed that H246 was completely conserved within WNV strains. It is located on the surface of the protein at the potential dimer interface and displays an expected pK a value of 6.52, which is compatible with mildly acid pH inside endosomal compartments where WNV membrane fusion occurs.
DISCUSSION
Currently, there is no specific therapy approved for WNV infection (Diamond, 2009 ); thus, a better understanding of the structure and function of the flavivirus E glycoproteins is of significant interest as it may help in the design of new drugs and vaccines (Perera et al., 2008) . Following this approach, a variety of small molecules and peptide inhibitors has been identified recently as potential antiviral agents targeted against flaviviruses (Kampmann et al., 2009; Poh et al., 2009; Schmidt et al., 2010) . In this study, to gain information on the molecular aspects that mediate conformational rearrangements of the WNV E glycoprotein following acid pH exposure, a WNV mutant with increased resistance to acid inactivation was isolated and characterized.
Earlier work indicated that conformational rearrangements of WNV particles following acid exposure mainly occurred at pH 6.4 and below (Kimura & Ohyama, 1988) . In vitro fusion studies recently revealed that the optimal pH for WNV membrane fusion with liposomes is 6.3, and that exposure of WNV particles to this pH in the absence of target membranes results in a loss of fusion capacity (Moesker et al., 2010) . Conformational rearrangements following acid exposure in solution resemble those induced inside endosomes, which provide the driving force for membrane fusion (Kaufmann et al., 2009 ). This is shown by the fact that WNV inactivation following acid exposure can be prevented by pre-incubation with mAb E16, which neutralizes WNV infection at a post-attachment step, impairing membrane fusion inside endosomes (Thompson et al., 2009) and freezing virus particles in a pre-fusion intermediate upon acid exposure (Kaufmann et al., 2009) . Indeed, it has been reported that other antibodies that also inhibit infection at a post-attachment step in the virus life cycle (probably by impairing acid-induced fusion within the endosome) bind WNV and subviral particles in a pHsensitive manner (Vogt et al., 2009) . Our results showed that the pH 50 values determined in inactivation assays for the WT and mutant viruses were 6.3 and 6.2, respectively.
These pH values are compatible with those at which conformational rearrangements and membrane fusion take place. Our results also showed that the increase in acid resistance was linked to an increased sensitivity to endosomal acidification impairment. This last finding suggests that fusion of this WNV variant needs a more acid pH inside the endosomes to proceed than that required for the WT virus.
Genome sequencing revealed that a single amino acid substitution (T70I) in the WNV E glycoprotein was responsible for the increased resistance to acid inactivation of the mutant. This replacement was stable upon serial passages and did not induce major alterations of plaque morphology or infection kinetics. It has been described that amino acid replacements in the E protein that increase resistance of WNV to environmental conditions can confer adaptive advantages. For instance, a single amino acid change at position 159 in the E glycoprotein allows greater virus replication at higher temperatures in the mosquito, which translates into a higher transmissibility of the virus to birds, the natural vertebrate host of WNV (Kilpatrick Moudy et al., 2007) . Competition experiments carried out in the absence of acid treatment demonstrated that the mutant isolated here displayed a reduced fitness with respect to the WT virus, indicating that T70I replacement confers an adaptive disadvantage under standard culture conditions. The observed reduction in viral fitness could be explained by the mutant virus requiring a more acid pH inside the endosomes for infection. This hypothesis is also supported by the increased sensitivity to an endosomal pH rise of the mutant virus observed using NH 4 Cl, an inhibitor of endosomal acidification (Krishnan et al., 2007; Nelson et al., 2009) . Competition assays showed that T70I replacement conferred a disadvantage under standard culture conditions but an adaptive advantage upon low-pH treatment, providing new evidence of the adaptive flexibility of WNV populations to alterations in environmental factors such as pH. Indeed, when the virulence of acid-resistant WNV isolated here was tested in vivo in a murine model, no significant alterations were found relative to the WT virus, with the mortality rates being similar to that previously recorded for the viral doses administered (Có rdoba et al., 2007) .
Amino acid position 70 (where the mutant substitution was detected) is located on the external surface of the virion on the existing WNV E protein crystal structure , in a position not involved in any contact with neighbouring E glycoprotein monomers. It is located within DII, close to the fusion loop and between two His residues: H81 and H246. Protonation of His residues at mildly acid pH activates fusion membrane proteins (Harrison, 2008; Kampmann et al., 2006; Mueller et al., 2008) , as in TBEV, where a single His residue has been identified as the critical pH sensor through mutational analysis (Fritz et al., 2008; Harrison, 2008) ; however, no single His residue has been identified as a pH sensor in WNV . Although His residues are highly conserved within WNV strains, only four His residues (corresponding to H144, H246, H285 and H320 in WNV) are absolutely conserved in the flavivirus E glycoprotein ectodomain (Stiasny et al., 2009) . However, of the two His residues located close to position 70, only H246 is structurally conserved among flaviviruses. Protonation of H246 in WNV could affect the oligomeric state of the E glycoprotein during different phases of the virus life cycle . Our analysis showed that the amino acid replacement T70I introduced a bulkier side chain and disrupted polar interactions with two residues that also interact with H246. Therefore, as the local protein environment can change the pK a of titratable side chains (Srivastava et al., 2007) , the structural perturbations derived from the T70I replacement could induce alterations of the H246 environment that might affect its putative role in conformational rearrangements following pH exposure. Interestingly, H246 is located at the presumptive dimer interface and is also structurally conserved in the E1 protein of the alphavirus Semliki Forest virus, in which it has been experimentally involved for fusion transition (Chanel-Vos & Kielian, 2004; Nybakken et al., 2006) . In addition, in TBEV, mutation of the corresponding H246 together with H285 impairs trimer formation and stabilization, which result in a fusion block, providing additional evidence for the role of H246 in membrane fusion (Fritz et al., 2008) . All these findings offer a working hypothesis for the molecular mechanism that mediates the increased resistance to acid inactivation of WNV upon T70I replacement and make residues T70 and H246 interesting candidates involved in conformational rearrangements of the E glycoprotein following acid exposure, thus opening new lines of investigation to search for specific antiviral therapies.
METHODS
Cells and viruses. WNV strain NY99-flamingo382-99 was propagated in Vero cells after four previous passages in baby hamster kidney (BHK)-21 cells (Có rdoba et al., 2007) . Briefly, the cells were washed twice with Eagle's minimal essential medium before addition of the viral inoculum. After 1 h at 37 uC, the virus was removed and fresh medium containing 2.5 % FBS was added. At the desired infection times, plates were frozen and thawed, and the viral suspension was separated from cell debris by centrifugation at 1920 g for 10 min. The kinetics of extracellular virus production was determined by titration of aliquots of medium taken at different times. Viral titrations were carried out in duplicate in six-well tissue culture dishes. After removal of the inoculum, infection was allowed to continue in semi-solid medium containing 1 % low-melting-point agarose Table 2 . Characteristics of His residues located in the ectodomain of the WNV E glycoprotein Amino acid positions correspond to WNV strain NY99-flamingo382-99 (GenBank accession no. AF196835.2; Lanciotti et al., 1999) . pK a values for His residues in the structure of the WNV E glycoprotein were calculated using PROPKA (Li et al., 2005) . Buried/surface indicates the solvent accessibility of the His residues in the structure of the WNV E glycoprotein. A total of 213 complete E glycoprotein sequences from GenBank were aligned. GenBank accession numbers for sequences that displayed residues other than His at these positions are indicated. Acid sensitivity assays. To determine WNV acid sensitivity, a modification of a procedure described previously was used (Guirakhoo et al., 1993) . An aliquot containing approximately 10 7 p.f.u. was treated with 1 M freshly prepared 4-morpholineethanesulfonic acid (MES; Sigma). Samples were incubated for 15 min at 37 uC, neutralized by adding 5 M NaOH and the remaining p.f.u. in each sample was titrated. The pH of samples was checked after acidification and also after neutralization.
His
Endosomal acidification impairment. Inhibition of endosomal acidification with NH 4 Cl was performed as described previously (Martín-Acebes et al., 2010) . Cells grown on coverslips were treated for 1 h prior to infection with 0.5, 10, 15 or 25 mM NH 4 Cl (Merck).
To buffer the extracellular pH, 25 mM HEPES (pH 7.4; Sigma) was added to the culture medium. The drug was maintained throughout infection to avoid cellular recovery.
Viral RNA extraction, cDNA synthesis and DNA sequencing.
Viral RNA was extracted from the supernatants of infected cultures using a NucleoSpin Viral RNA Isolation kit (Macherey-Nagel). cDNA was synthesized by reverse transcription of viral RNA using SuperScript One-Step RT-PCR with Platinum Taq (Invitrogen) and the appropriate oligonucleotide primers (sequences provided upon request). The size and purity of the amplified PCR products were checked by agarose gel electrophoresis and ethidium bromide staining. PCR products were purified using a Speedtools PCR Clean-up kit (Biotools), quantified by UV spectrophotometry using Nanodrop equipment (Nanodrop Tecnologies) and sequenced by automatic DNA sequencing (Macrogen). DNA sequences were confirmed by at least two independent sequence reactions. Nucleotide positions correspond to those described previously for WNV strain NY99-flamingo 382-99 (Lanciotti et al., 1999) .
Viral competition assays. A variation of a previously described protocol (Mateo & Mateu, 2007) was followed. Briefly, a mixture containing equal titres of the competing viruses (total m.o.i. of 0.1, i.e. 0.05 p.f.u. per cell of WT plus 0.05 p.f.u. per cell of mutant) was treated (pH 5.0) or not (pH 7.5) with MES, neutralized and used to infect approximately 0.2610 6 cells in a final volume of 4 ml, as described above. At 3 days p.i., complete cytopathic effect was observed and the virus was harvested and clarified by centrifugation. Viral suspensions (10 ml) were acid treated as above, neutralized and used to infect new cell monolayers. These cycles of acid treatment, infection and harvest were repeated up to ten times in duplicate. After viral RNA extraction, cDNA was synthesized and sequenced. The approximate proportions of the competing genomes were estimated from the chromatograms as a ratio of the integrated areas of each nucleotide under each peak of the mutated position.
In vivo virulence assays. Mouse experimentation was carried out in BSL-3 containment facilities and was approved by and performed according to the guidelines for animal experimentation of the Animal Safety Committee of our institution. Groups of eight Swiss female 8week-old mice were inoculated intraperitoneally with 10 2 or 10 4 p.f.u. per mouse of WT or mutant virus. Mice were kept with ad libitum access to food and water during the experiment and were monitored daily for signs of illness.
Location of the mutated amino acid residue on the 3D structure of the WNV E glycoprotein. The atomic coordinates for WNV monomeric E glycoprotein were used . Structure visualization and virtual mutagenesis were performed using PyMOL (DeLano Scientific, http://www.pymol.org/). The WNV particle surface was rendered from coordinates of the WNV E protein fitted onto a cryo-electron microscopy density map of WNV (Kaufmann et al., 2006) using the Chimera molecular graphics package (Pettersen et al., 2004) .
Data analysis. Analysis of variance using Fisher-Snedecor distribution (F distribution) was performed with the statistical package SPSS 15 (SPSS) for Windows. In the case of multiple comparisons, Bonferroni's correction was applied. Data are presented as means±SD. Kaplan-Meier survival curves were analysed by a logrank test using GraphPad PRISM v.2.01 (GraphPad Software). Statistically significant differences were considered to be P,0.05.
